A left-handed transmission line with regularly spaced Schottky varactors is experimentally characterized. Due to dispersion, an envelop pulse on the line experiences a great distortion. By measuring the test line, we successfully observed that this distortion is compensated for by the nonlinear effects of Schottky varactors. This article describes the experimental observations, together with fundamental properties and numerical performance prospects of the line.
the varactors, the dispersion of CRLH lines can be compensated for, resulting in an envelop soliton governed by the nonlinear Schrödinger equation.
To examine these fundamental properties experimentally, a test circuit using discrete components is built on a standard breadboard. The large parasitic resistance of the discrete inductor greatly diminishes the amplitude of the waves on the line, making the varactor nonlinearity inefficient in compensating the dispersion of CRLH lines. To reduce the influence of the attenuation, we eliminated the series inductors. Even without series inductors, the same compensation is established as in CRLH lines, although the line can support only left-handed (LH) waves.
In this paper, we first describe the dispersion of the line without series inductors, and the required conditions for developing bright solitons. We then discuss the experimental observations and simulations.
Fundamental properties
Figure 1 (a) shows the representation of the unit cell of the investigated line. The series capacitor and shunt inductor are represented by C L and L L , respectively. The discrete inductor usually has non-negligible resistance R i . Moreover, C R represents the shunt Schottky varactor, whose capacitancevoltage relationship is generally given by
where Ψ represents the terminal voltage and C 0 , V J and M are the optimizing parameter. We consider a situation where each Schottky varactor is biased at −Ψ 0 . For convenience, we define C
Using these variables, the transmission equations are given by
where V n and I n show the line voltage and current at the nth cell. When the pulse spreads over many cells, the discrete spatial coordinate n can be replaced by a continuous one, x. We series-expand V n±1 around V n up to the sixth order of the cell length d. At this point, we introduce per-unit-length
By the series-expansion of Eqs. (2) and (3), we obtain the evolution equation of the line voltage: where
where ω and k represent the angular frequency and wave number, respectively. For brevity, we define
R L L . Also, we denote the frequency at which |kd| becomes π as ω l . Then, the line supports wave propagation only at frequencies in [ω l , ω u ] and exhibits an LH property.
In order to quantify how the nonlinearity compensates for the dispersion, we extract the soliton equation from Eq. (4) by reductive perturbation method [3] . First, we expand the voltage variable as 
where ξ ≡ [x − v g (k)t] and τ ≡ 2 t are newly defined as the spatial and temporal coordinates, respectively. Here, v g (k) represents the group velocity of the line given by
Note that v g (k) < 0 for k > 0 due to an LH property. The method gives the explicit expressions of both the dispersion and nonlinear coefficients P (k) and
Note that Q(k) is a quadratic function of M and is inversely proportional to (Ψ 0 + V J ) 2 . Using these coefficients, the bright one-soliton solution with an amplitude of A is given by
For bright solitons to develop, Q(k) must have the same sign as P (k). Fig. 1 (b) ]. We numerically solve Eqs. (2) and (3) using a standard finite-difference time-domain method [4] . The total cell size is 500. The parameters used are same with those used to obtain Fig. 1 (b) and R i is set to zero. The input pulse has a form of Eq. (10) with the amplitude A of 3.0 V. The carrier frequency and Ψ 0 are set to 2.0 MHz and 4.5 V, respectively. Figure 1 (c) shows the numerically obtained waveforms at cells n = 100, 200, 300, and 400. The pulse travels without distortions at every cell, resulting from the balance between the dispersion and nonlinearity.
We used a 165-section one-dimensional left-handed line whose unit section is shown in Fig. 1 (a) . The circuit was built on a standard breadboard. The Schottky varactors used were TOSHIBA 1SV101 diodes. Shunt inductances and series capacitances were implemented using 100 μH inductors (TDK EL0405) and 47 pF capacitors (TDK FK24C0G1), respectively. Cell length d can be approximated from the size of the series capacitor (about 5 mm for the present circuit). The test line was fed by a pulse signal generated by an Agilent 81150A function generator. An envelop pulse with a triangle waveform was input, whose pulse width was set to include 10 cycles of carrier sinusoidal wave. The signals along the test line were detected by Agilent 10073C passive probes and monitored in the time domain using an Agilent DSO90254A oscilloscope.
First, we examined the response of the test line to the small signal inputs. For small signals, the line became linear with C (0) R depending on Ψ 0 . Figure 2 (a) shows the dependence of the group velocity on Ψ 0 . The blue, red, and green curves show the group velocities, evaluated using Eq. (8), at Ψ 0 = 2.0, 4.5, and 8.0 V, respectively. On the other hand, the squares show the measured ones. To obtain the latter, we monitored the waveforms at two different cells and evaluated the pulse peak velocity. Although the peak velocity does not exactly represent the group velocity, as peak velocity is inclusive of dispersive distortions, the proximity between the measured and calculated group velocities is good enough to consider the test line to have the expected characteristics. Figure 2 (b) shows the root mean square (rms) of the voltage waveform evaluated at six different nodes, normalized by that evaluated at the 15th cell. The attenuation constant is calculated to be 1.5 × 10 −2 nepers/cell. This attenuation results in the limited contribution of nonlinearity. We thus have to evaluate the pulse at the cell at a moderate distance from the input, where both the dispersion and the nonlinearity are known to affect the pulse. Finally, we describe the large signal response of the test line. The carrier frequency and Ψ 0 were set to 1.8 MHz and 4.5 V, respectively. Using Eq. (5), k 0 d is calculated to be −1.14 rad, such that P (k 0 )d 2 = −3.66 × 10 6 s −1 and Q(k 0 ) = −3.37 × 10 5 s −1 V −2 . The dispersion length, which represents the propagation distance by which the propagating pulse width becomes doubled due to dispersion, is given by X 2 0 |v g (k 0 )P (k 0 ) −1 | for the initial spatial pulse width of X 0 . Now, X 0 is about 10 cells; therefore, the dispersion length is estimated to be 170 cells. On the other hand, the nonlinear length is estimated to be 18 cells for the initial pulse amplitude of 1.0 V. In order to examine both the nonlinear and dispersive effects, we monitored the pulses at the 60th cell. Figure 3 (a) shows the measured waveform for a small signal input. Because P (k 0 )Q(k 0 ) is positive, the nonlinearity potentially compensates for the dispersive distortions. Actually, it is clearly observed that the pulse in Fig. 3 (c) preserves its initial triangle shape. Figure 3 (b) shows the result of a calculation that simulates the waveform in Fig. 3 (a) . The calculation scheme is the same as that used to obtain Fig. 1 (c) . We set R i to 18 Ω. The resulting rms is in accordance with the measured one, as shown in Fig. 2 (b) . On the other hand, Fig. 3 (d) shows the calculation result that simulates the waveform in Fig. 3 (c) . Good resemblance is also observed in both the small and large signal inputs in Fig. 3 ; therefore, the calculations well simulate the test line. It is concluded that the line potentially supports solitonic pulses as shown in Fig. 1 (c) .
From Eq. (7), we can see that the quality factor of the inductor determines the decay rate of the solitons. Monolithic integration may resolve the difficulties caused by the huge resistance of the discrete circuit components to some extent. However, some loss compensation or amplification scheme [5] must be developed. By introducing both the nonlinear and active elements, the scope of application of LH waves may widen further.
